Deinococcus radiodurans, the most radiation resistant organism ever known, has 1 0 gained importance in recent years as a potential candidate for bioremediation of heavy 1 1 metals, especially radioactive ones. This study investigates the efficiency of a recombinant D.
1 0 3 mediated bioremediation study (Shukla and Rao, 2015) . The cells were grown in TGY media were incubated in the static condition at 30°C for the required period of time and the used up 1 0 8 media was replaced after every 48 h. After given time period, the planktonic cells were 1 0 9 aspirated and biofilm was gently washed twice with PBS, before the treatment with filter 1 1 0 sterilized uranyl nitrate solution (pH 3.61). Uranium in the aqueous sample was estimated by modified protocol of Arsenazo III 1 1 4 method. In this study, the standard arsenazo dye method (Savvin, 1961) was modified for the 1 1 5 uranium estimation. Briefly this method involves simple treatment of the uranium solution 1 1 6 6 with a buffer Potassium Hydrogen Pthalate buffer (1.5 mM PHP in 0.025 N HCl) and 0.1% 1 1 7
Uranium estimation protocol Arsenazo III dye method and by Inductively Coupled
Arsenazo III dye. To 1 ml of PHP buffer, 900 µl of the sample and 100 µl of Arsenazo III 1 1 8 reagent was added. It was mixed by vortexing and absorbance was measured at 653 nm 1 1 9 (absorption maxima for the U-Arsenazo III complex) after 5 minutes. The change in the color 1 2 0 is directly proportional to the amount of uranium present in the given solution. Suitable 1 2 1 dilution factors and arsenazo dye concentration were used to estimate uranium in wide range. The samples were also analyzed for uranium estimation using Inductively Coupled Plasma- water and filter sterilized. The pH of the aqueous solution was 3.61. DR1-bf + biofilms were 1 3 1 grown as described above [section 2.4] for the prescribed time of growth as per the 1 3 2 experiment plan. TGY medium along with planktonic cells was aspirated from the petri dish time intervals up to 2 hours for the estimation of uranium as per above described method. DR1_bf + biofilm was grown as explained in the section 2.1 in the slides without agitation. Biofilm were fixed with 2.5% glutaraldehyde (in PBS, pH 7.2) at 4˚C overnight. The biofilm was scrapped out, washed with PBS thrice and dehydrated with a series of 1 4 1 7 ethanol solutions (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 % w/v, with 10 minutes 1 4 2 incubations in each). The slides were coated with gold and were analyzed using scanning The 4 day old DR1_bf + biofilm was grown as explained in (section 2.4) and scrapped 1 4 7 out (before and after treating with uranium) in to an eppendroff. The biomass was lyophilised (before and after uranium treatment) were recorded within a range 400-4,000 cm -1 in an ABB AES analysis values corroborated with the values obtained with modified arsenazo III 1 6 0 method proving the efficiency and accuracy of the modified arsenazo III protocol. Therefore, 1 6 1 this modified method was used for uranium estimation in this study. The crystal violet assay showed that the recombinant D. radiodurans (DR1-bf + ) has a 1 6 4 very good ability to form biofilm in contrast to its wild type counterpart (Figure 2a ). Fluorescence microscopic study also confirmed the biofilm formation ( Figure 2b ). The 1 6 6 8 maximum biofilm formation was observed at 4 days and calcium in the growth medium 1 6 7 enhanced the biofilm production in DR1-bf + proportionally. This shows the effect of Ca 2+ on 1 6 8 EPS production and relative increase in thickness of biofilm (Shukla and Rao, 2015) . 20 mM 1 6 9 concentration of Ca 2+ was shown to have optimum effect on the extracellular matrix 1 7 0 production of DR1-bf + biofilm compared to other concentrations of calcium ion (Shukla and 1 7 1 Rao, 2017a). Therefore this concentration of Ca 2+ was used for rest of the experiments. The biofilm was grown for 4 days and treated with aqueous uranium solution as the reduction in uranium concentration was estimated. Results showed that the uranium was not observed, which might be due to saturation of its adsorption capacity of the biofilm. control biofilm (grown without Ca 2+ ). Results showed that the removal efficiency of DR1-bf+ 1 9 0 (+ Ca 2+ ) biofilm was four times more as compare to DR1-bf+ planktonic cells. A visible 1 9 1 9 yellow precipitate of uranyl nitrate by the biofilm was observed after the remediation process 1 9 2 ( Figure 3a ) that indicates the conversion of aqueous form of U(VI) to an insoluble precipitate 1 9 3 U(IV), making the removal of uranium more competent than other methods. Although initial 1 9 4 experiments showed that the mechanism of uranium bioremediation appears to be an 1 9 5 adsorption phenomenon, the possibility of enzyme mediated process may not be ruled out, at 1 9 6 this stage of study. To study the effect of biofilm's age on the efficiency of uranium removal, a day-wise 1 9 9 U removal assay was performed. Results showed that there was a continuous increase in 2 0 0 uranium removal efficiency as the DR1-bf + (+Ca 2+ ) biofilm grew older (see Figure 4 ). The 2 0 1 removal rate was found to be higher after 4 days of biofilm growth. Without much increase in 2 0 2 biofilm biomass, this suggests that there is a continuous change in the biofilm matrix 2 0 3 composition over a period of time (Table 1) . Our previous studies showed that there was an enhanced exopolysaccharide and 2 1 5 eDNA production in the biofilm matrix in the presence of Ca 2+ (Shukla and Rao, 2014; 2 1 6
Shukla and Rao, 2015) . In view of this, it is speculated that uranyl ion (UO 2 2+ ) removal is by 2 1 7 biosorption process where negatively charged exopolysaccharide and eDNA play a critical 2 1 8
role. However, visible precipitation and faster removal of UO 2 2+ by older biofilm also suggest 2 1 9
that this phenomenon can also be aided by enzymatic reduction. FTIR spectroscopic study for the control biofilm (uranium-free) and the uranium 2 2 2 treated biomass were performed to elucidate the chemical groups involved in uranium 2 2 3 binding onto the bacterial biomass ( Figure 6 ). The highly complex IR spectra was analysed to 2 2 4 assign the important characteristic peaks which illustrates the involvement of main functional 2 2 5 groups present in the bacterial biomass. The amino group (N-H stretching) peak lies in the 2 2 6 spectrum region occupied by a broad and strong band (3,600-3,000 cm -1 ). This may be due to 2 2 7 hydroxyl groups that are hydrogen bonded to various degrees (Pagnanelli et al., 2000) . In the 2 2 8 control spectrum, absorption peaks at 2,900-3,000 cm -1 are ascribed to the asymmetric 2 2 9 stretching of C-H bond of the -CH 2 groups combined with that of the CH 3 groups. In the were present at 1,647 and 1,546 cm -1 , respectively, indicating the presence of carboxyl 2 3 2 groups (Kazy et al., 2006) . In the uranium loaded samples, these peaks were shifted from 2 3 3 1,647 cm -1 to 1,650 cm -1 and 1,546 cm -1 to 1,540 cm -1 region, indicating an of interaction 2 3 4 between uranium and carboxyl group. Especially, 1540 cm -1 peak indicates the scissoring of character as a result of radionuclide binding to the phosphates. A sharp peak at 1387 cm -1 is 2 3 9
indicative of symmetrical bending of CH 3 group (Stuart, 2005) . In uranium loaded sample, 2 4 0 distinct peak at 927 cm -1 and changes in peak positions and intensity around 1000 cm -1 region The present study involved the use of a recombinant D. radiodurans biofilm for the 2 4 7 bioremediation of uranium from aqueous solution. Although planktonic forms of these 2 4 8
species have been used for some treatment process, their drawbacks restrict them to be used 2 4 9
for a wider application. For example, earlier studies involving U remediation using D.
2 5 0 radiodurans, showed good removal efficiency up to 95% removal when treated with 2 5 1 uranium concentration ranging from 5-100 µM, but with an incubation period of 21 days, 
